1. Glycosidic linkage of carbohydrate to the primary hydroxyl groups of threonine and serine has been established in human blood-group A and Lea substances, bovine submaxillary-gland mucin and human pseudomyxomatous mucin. 2. Treatment of these substances in 0 09N-lithium hydroxide at 100°for lhr. led to ,B-elimination at these glycosidic linkages with the resultant formation of a-oxobutyric acid and glycine from threonine linkages, and pyruvic acid from serine linkages. Though most of the threonine was destroyed in every ease, about onethird to one-half of the serine residues resisted alkaline cleavage. Such results, indicative of the presence of unbound serine residues, allow, in submaxillary mucin, for a close correlation between the remaining serine, threonine, glutamic acid and aspartic acid and the available sialyl-(2 -÷6)-N-acetylgalactosamine prosthetic groups. 3. The stoichiometry of the f-eliminations has been demonstrated for pseudomyxomatous mucin. The a-oxo acids were separated and determined as their quinoxalinol derivatives by thin-layer chromatography on silica gel. Reaction at the threonine centres favoured a-oxobutyric acid formation (70%, via the intermediary dehydropeptide) over the alternative pathway to glycine (30%). 4. 100% ofthe hexosamine was destroyed in submaxillary-gland mucin, 85% in pseudomyxomatous mucin and about 60% in the blood-group substances. In the latter cases, the glucosamine/galactosamine ratio was increased from about 4:1 to 8-10:1, suggesting a preferential destruction of galactosamine. Evidence was obtained, however, for a further destruction of hexosamine, in addition to that which could be theoretically attached to peptide at possible known binding sites. 5. The major part of the alkali-resistant hexosamine in the blood-group substances was nondiffusible and was accompanied by the constituent carbohydrates in similar molar proportions to the native materials.
The amino acid composition of mucosubstances in general is characterized by the high concentrations of threonine, serine and proline and by the low concentrations of aromatic and sulphur-containing amino acids. By way of example, the former amino acids are known to make up half ofthe total peptide material in blood-group A substance (Morgan, 1963) . Analytical evidence has also demonstrated a relationship between the number ofhydroxyamino acids and hexosamine residues in glycopeptides obtained from submaxillary-gland mucin (Blix, 1963; Hashimoto, Tsuiki, Nisizawa & Pigman, 1963) . Chemical evidence for the linkage of threonine to N-acetylgalactosamine in mucin from human colloid breast carcinoma was presented by Adams (1965) . In the present paper, linkage of carbohydrate to both threonine and serine residues in a representative class of mucopolysaccharides and mucoproteins is demonstrated. While this paper was in preparation Anderson et al. (1964) described preliminary results showing the occurrence of these linkages in mucopolysaccharides.
MATERIALS AND METHODS Materials
All melting points are uncorrected. Chemicals. The sources of chemicals used were as described by Adams (1965) . o-Phenylenediamine derivative of a-oxo acids. The formation of quinoxalinols from a-oxo acids was carried out by reaction with o-phenylenediamine as described by Hockenhull & Floodgate (1952) . The derivative formed in high yield from a-oxobutyric acid (Nutritional Biochemicals Corp., Cleveland, Ohio, U.S.A.) had m.p. 1940 (Found: C, 68-9; H, 5B9; N, . CloHloN20 requires C, 69-0; H, 5'8; N, 16-1%) . L'Italien & Banks (1951) give the m.p. as 198'.
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The derivative formed from freshly distilled pyruvic acid had m.p. 2450 (Found: C, 67-8; H, 5.1; N, 17-2. C9H8N20 requires C, 67-5; H, 5-0; N, 17.5%) . Nielsen (1963) records the m.p. as 2460.
2,4-Dinitrophenylhydrazones of a-oxo acids. These derivatives were prepared in the usual way from freshly distilled pyruvic acid and from a-oxobutyric acid. The derivative from the latter had mp. 1940 and that from pyruvic acid had m.p. 2150. Meister (1957) lists the melting points as 1980 and 216°respectively.
Mucosub8tances
Blood-group A substance. A highly purified sample of this material, prepared from human ovarian-cyst fluid, was kindly supplied by Professor W. T. J. Morgan. Bovine submaxllary-gland mucin. This was kindly supplied by Professor Ward Pigman.
Lewis (Le") blood-group substance. The method of extraction with 90% phenol, as described by Aminoff, Morgan & Watkins (1950) for the isolation of blood-group substances from human ovarian-cyst fluids, was employed. Cyst fluid (500ml.) was freeze-dried to yield 72g. of a pale-brown powder. The latter was shaken with three separate lots (total 500ml.) of 90% (w/w) phenol over a period of 2 days. At the end of this time the insoluble gel was collected by centrifuging and stirred with water (300ml.). A voluminous white precipitate was formed which was insoluble in excess of water. The suspension was dialysed against running tap water overnight and the aqueous solution was separated from the insoluble residue by centrifuging. Sodium acetate (lOg.) was added to the solution followed by the addition of 4vol. of ethanol. After standing in the cold room for some hours the white precipitate was collected, redissolved in water (20ml.) containing 2% (w/v) of sodium acetate and precipitated by the addition of 3vol. ofethanol. A further precipitation was carried out when the material precipitated sharply at 60% (v/v) ethanol to yield 52mg. of white powder. When ethanol was added to the phenol extract to give a final concentration of 9% (v/v), no precipitate was formed, suggesting that further quantities of mucopolysaccharides were not present in this extract (Kabat, 1956 
Analytical methods
Hexosamine. Total hexosamine was determined, by the variation (Adams, 1965) Vol. 97
MUCOID CARBOHYDRATE-HYDROXYAMINO ACID LINKAGES pellets overnight, and the residues taken up in water. Products of acid hydrolysis were examined by spraying with ninhydrin after two-dimensional paper chromatography. Thin-layer chromatographic sefparation of o-phenylenediamine derivative8 of a-oxo acids. Paper chromatography of individual quinoxalinols is not generally satisfactory owing to streaking. With mixtures of these compounds, good separation could not be achieved although a number of solvent systems were employed. Thin-layer chromatography on silica gel (E. Merck A.-G., Darmstadt, Germany), with a solvent system of chloroform-ethanol (9:1, v/v) and running the solvent a second time after drying the plate, proved satisfactory in resolving the derivatives of pyruvic acid and a-oxobutyric acid. Isolation of these derivatives from the mucosubstances under study was carried out as follows. To 0-2ml. of a 1% (w/v) solution of mucoid, 0*2ml.
of 0-18N-LiOH was added, and the tube sealed and heated in a boiling-water bath for 60min. The solution was cooled and 1-5 ml. ofa solution ofrecrystallized o-phenylenediamine (15mg.) in 2N-HCI was added. Hydrolysis was carried out at 1100 for 16hr. The solution was then diluted with water (2ml.) and extracted with ethyl acetate (3 x 2ml.). After removal of the ethyl acetate, the residue was chilled in an ice bath and dissolved in 0-05ml. of fresh ethyl acetate. A sample (usually 0-01 ml.) was applied to the thin-layer plate, together with synthetic markers. After running the solvent twice, as described, the plates were viewed in u.v. light that had been passed through a Wood's glass and a second filter with a maximum transmission at 320-340mu. The quinoxalinols exhibited an intense light-blue fluorescence under these conditions. Other zones were also present, which possessed a weak yellow or an off-white fluorescence. A permanent record of the chromatogram could be made on a piece of Kodagraph contact paper (Kodak Pty. Ltd., Mel- bourne, Australia), cut to size, and held in place by a second glass plate.
I8olation of 2,4-dinitrophenylhydrazones. PM-T (1g.) was dissolved in 0-2N-LiOH (50ml.) and heated in a boiling.
water bath for 30min. After being cooled, the solution was centrifuged to remove insoluble matter and a solution of 2,4-dinitrophenylhydrazine (0-6g.) in aq. 50% (v/v) ethanol (20ml.), containing conc. H2SO4 (4ml.), was added. The solution was refluxed for 2hr., cooled and filtered, and the filtrate was refluxed for a further lhr. and concentrated in vacuo to remove ethanol. The aqueous solution was then extracted with ethyl acetate (3 x 25ml.). The combined extracts were washed once with water and back-extracted with 10% (w/v) Na2CO3 solution. This was then acidified and re-extracted with ethyl acetate. The latter was washed with water, dried with Na2SO4 and concentrated to dryness. This crude residue was then subjected to paper-chromatographic examination. Amino acid8. The two-dimensional paper-chromatographic method described by Adams (1965) was used. Best results were obtained when sufficient mucoid was hydrolysed to enable about 160,ug. of the actual peptide moiety to be applied to the individual chromatograms. After chromatography, papers were allowed to remain in a current of air for 2 days before analysis.
Other methods of analysis were as described by Adams (1965) .
RESULTS
Analy8i8 of muco8ub8tancea. Table 1 records the results of the analyses performed on the materials under study. The galactose values would tend to be low in those substances that contain high concentrations of fucose since it has been reported that fucose inhibits the colour produced by hexoses in the secondary cysteine reaction of Dische (1955) . Excellent agreement was shown between the hexosamine and fucose analyses given in Table 1 and the analytical values for these two sugars (28 and 22% respectively) supplied with the specimen of group A substance by Professor Morgan.
Paper-chromatographic examination of the effects of alkali on the muooid. The effects of alkali on the peptide and hexosamine moieties was readily examined by two-dimensional chromatography of the components liberated on subsequent acid hydrolysis. By using the system shown in Fig. 1 , hexosamine can be separated from the constituent amino acids. Ninhydrin staining revealed specific changes in the concentrations of hexosamine, threonine, serine and glycine in all substances. Other amino acids were little affected. Bovine idine-water (4:1, v/v) (see Adams, 1965) .
serum albumin, used as a control, did not demonstrate these effects on treatment with alkali. Submaxillary-gland mucin, presumably containing sialyl-(2-->6)-N-acetylgalactosamine prosthetic groups (Gottschalk & Graham, 1959; Hashimoto et al. 1963) , behaved similarly to the mucin from human colloid breast carcinoma (Adams, 1965) , in that hexosamine was completely destroyed, along with virtually all the threonine. In the submaxillarygland mucin, serine, which occurs in approximately equimolar ratio to threonine (Hashimoto & Pigman, 1962) , was only partially destroyed. In marked contrast, both group A and Lea substances retained a considerable part of their hexosamine. This residual hexosamine fraction persisted even when group A substance was heated for 2-5hr. in 0-09N-lithium hydroxide. In all cases, whereas the threonine was decreased to very low concentrations, the concentration of serine remained at about 35-50% of the initial level. Increasing the heating time in alkali from 40-60min. did not further decrease the concentration of serine, suggesting that this fraction of the total was not involved in glycosidic linkage. Quantitation of hexosamine 1088 in blood-group 8ub8tance8 treated with alkali. Table 2 shows the general effect depicted in Fig. 1 in an analytical form as it applies to hexosamine concentrations. Similar results were obtained for group A and Lea substances. Preferential destruction of galactosamine is evident in both cases since the glucosamine/galactosamine ratios are increased from approx. 4:1 to 8:1 and 10:1. Table 3 records the analysis of the non-diffusible fraction obtained on dialysis after treatment with alkali in a parallel experiment to that described in Table 2 . The bulk of the hexosamine, which remained after treatment with alkali under standard conditions, was in a non-diffusible form in both blood-group substances. The residual hexosamine is accompanied by all the carbohydrate components present in the original untreated substances, and in similar proportions. Hydrolysis of the non-diffusible fractions also revealed a similar pattern of amino acids to that obtained on treatment of the group substance with alkali without dialysis (Fig. 1) .
Identification of products formed by #l-elimination reactions. It was previously shown that the linkage ofN-acetylgalactosamine to threonine inthe mucoid derived from breast colloid carcinoma underwent a fl-elimination reaction, on treatment with alkali, by two separate pathways (Adams, 1965) . One such pathway involved liberation of the glycosidically bound N-acetylgalactosamine moiety, accompanied by dehydropeptide formation (Witkop, 1961 Table 3 . Carbohydrate compo8ition of the non-diffu8ible fraction remaining after treatment of blood-group 8ub8tance8 with alkali Blood-group substances were heated in 0-09N-LiOH at 1000 for 60min., neutralized and dialysed overnight against water (11.) at 4°. The non-diffusible fraction was concentrated to dryness in vacuo and dissolved in water (1 ml. Wavelength (m,u) Fig. 3 . Comparison of the u.v.-absorption spectra (in 0-1 x-NaOH) of the quinoxalinols isolated from PM-T with authentic materials. A, Zone eluted from thin-layer chromatogram with Rp identical with that of 3-ethyl-2. hydroxyquinoxaline (0). *, Zone eluted with Rp identical with that of 2-hydroxy-3-methylquinoxaline (o). glycosidically bound serine residues. Separation was achieved, however, by thin-layer chromatography on silica gel. This technique has recently been applied to the separation of quinoxalinols of aromatic a-oxo acids (Haavaldsen, 1964) . Formation of both a-oxo acids on treatment of the representative class of mucosubstances with alkali is shown in Fig. 2 . With PM-T, the separated quinoxalinols were eluted from runs with larger amounts of material. The u.v.-absorption spectra are compared with those of the authentic substances in Fig. 3 . Both 2-hydroxy-3-methylquinoxaline and Sialic acid 0-13 0.13)* 0-40 0.32)* J. B. ADAMS the zone moving with an identical RF had an absorption maximum at 342m,. 3-Ethyl-2-hydroxyquinoxaline and the corresponding zone from the chromatogram had an absorption maximum at 344m,u.
Further proof of the formation of the two a-oxo acids after treatment of PM-T with alkali was provided by the isolation of their 2,4-dinitrophenylhydrazones. These derivatives were soluble in sodium carbonate solution, showing the presence of an acidic function. On paper chromatography in butan-l-ol saturated with a 3% (v/v) solution of aq. ammonia (sp.gr. 0.88), or in water-saturated butan-l-ol (Cavallini, Frontali & Toschi, 1949) , the crude mixture separated into three components. Two of these zones moved with the same R, as the two coloured zones obtained with the authentic a-oxobutyric acid dinitrophenylhydrazone. The third zone has an RF identical with that ofthe single zone produced by pyruvic acid dinitrophenylhydrazone. Evidently, under the experimental conditions used, a-oxobutyric acid dinitrophenylhydrazone existed in two separable syn and anti forms, whereas the pyruvic acid derivative existed as a single isomer. This question of the resolution ofsyn and anti isomers ofphenylhydrazones of a-oxo acids has been fully discussed by Meister (1957) and by Metzler & Snell (1952) .
In addition to the loss of hexosamine, threonine and serine, there was an evident increase in the concentration of glycine after treatment of the mucosubstances with alkali (see Fig. 1 ). An increase intheglycine concentration is dueto af#-elimination, by process I, of glycosidically linked threonine residues (Adams, 1965) . Table 4 demonstrates the stoichiometry of the chemical changes resulting from a-elimination mechanisms involving glycosidic linkages to the primary hydroxyl groups in both threonine and serine.
Liberation of reducing 8ugar by the Park & Johnson (1949) procedure. Liberation of reducing sugar from the threonine-N-acetylgalactosamine linkages in breast-carcinoma mucoid was found to be complete in about 2hr. under the influence of the mild alkali as used in the above procedure (Adams, 1965) . Similarly shaped curves to that previously obtained with breast mucoid were found when the liberation of reducing sugar from the mucoids under present study were related to the time of heating at 1000.
The ratio of reducing sugar (as glucose), reached at the end of 3hr. at 1000, to the total hexosamine contained in the sample taken, is shown in Table 5 . Table 5 Table 4 . Stoichiometry of the chemical changes resulting from s-eliminations of glyco8ide linkagee to threonine and serine in PM-T Treatment with alkali involved heating in 0n09N-LiOH for 6Omin. at 100°. Hexosamine was determined on one sample and the amino acids threonine, serine and glycine were determined on another, after hydrolysis in Sx-HCI at 1100. For ac-oxo acid determination, a sample (0.6ml.) of a 1% (w/v) solution of PM-T was mixed with 0-18N-LiOH (0.6ml.). After treatment with alkali, o-phenylenediamine (50mg.) in 2N-HCI (15ml.) was added and the solution heated in a sealed tube overnight at 1100 (Nielsen, 1963) . The quinoxalinols were separated by thin-layer chromatography, eluted with 0-1N-NaOH and measured at 344m,u. All results are based on that amount of mucin which contained 1 ,umole of hexosamine.
Amount in alkaliAmount in acid-treated acid-hydro- (Hirs, Stein & Moore, 1954 Odin (1959) , who made an exhaustive study of this and related mucins originating in the ovary, found that the contaminating protein could be removed by washing the gel with water. Phenol extraction in the present instance gave a fraction, PM-P, whose analysis for individual carbohydrate constituents fell into the range of the values published by Odin (1959) . For washed specimens of gels Odin (1959) reported the molar proportions hexosamine: hexose: fucose: sialic acid to be 1: 0-6: 0-2: 0-6. The glucosamine:galactosamine ratio was 1:1. Treatment of the crude ethanol-precipitated gel with trypsin to give fraction PM-T resulted in the disappearance of some of the constituent amino acids and a lowering of the relative concentration of leucine, isoleucine, arginine and lysine. The relative concentrations of threonine, serine, hexosamine and sialic acid increased, evidently owing to removal of contaminating protein. Analysis ofthe Le' substance gave very similar results to those reported by Pusztai & Morgan (1961) . The general concept, developed by Dische (1963) , of the inverse relationship between fucose and sialic acid occurring in mucosubstances is well evidenced in the analytical data for group A and Le substances.
Apart from linkage to hydroxyamino acids, two other types of linkage between carbohydrate and peptide have been definitely established. An N-(P-aspartyl)glycosylamine linkage has been demonstrated in egg albumin (Marks, Marshall & Neuberger, 1963; Yamashina & Makino, 1962; Bogdanov, Kaverzneva & Andrejeva, 1962) . Glycosidic ester linkage to both glutamic acid and aspartic acid also occurs in preparations of bovine submaxillary-gland mucin (Murphy & Gottschalk, 1961) . These three types of linkage are known to be sensitive to alkali, so that their occurrence would lead to the cleavage of oligo-or poly-saccharide residues from mucoids on prolonged treatment with alkali. If this bonding to peptide involves N-acetylhexosamine, as in submaxillary-gland or breastcarcinoma mucin, then destruction ofthis particular hexosamine residue would occur by conversion into an acetamidofuran chromophore (Kuhn & Kruger, 1957) . This is in keeping with the complete disappearance of hexosamine from the ninhydrinpositive compounds produced on subsequent acid hydrolysis in both of the above-mentioned mucoids. Polysaccharide, cleaved initially as a unit from the peptide chain by alkali, might suffer further degradation as a result of ,-elimination reactions, and a 'peeling' process could proceed along the chain. This process would be especially likely if (1 -+3)-linkages were involved, and would stop when an unfavourable linkage was reached (Whistler & BeMiller, 1958) . It can be calculated from the analytical data published for highly purified group A substance by Morgan (1963) that, if all the possible binding sites, i.e. threonine, serine, glutamic acid and aspartic acid, were bound to hexosamine, then the maximum loss of hexosamine by the primary cleavage from peptide would be 40%. This upper limit is still lower than the experimentally found value of 60%, and indicates that secondary reaction, perhaps by way of the above 'peeling' process, has taken place. The major part of this alkali-resistant core was non-diffusible and contained similar proportions of constituent carbohydrates to those in native material. It is conceivable that this residue is similar to the polysaccharide skeleton, possessing Pneumococcus type XIV cross-reactivity, which is formed on controlled acid treatment of blood-group substances (see review by Bettleheim-Jevons, 1958 (Kochetkov, Derevitskaya, Kara-Murza & Zharov, 1964 ).
Owing to the high percentage loss of hexosamine obtained on treatment ofpseudomyxomatous mucin with alkali, this material resembled submaxillarygland mucin more closely than the blood-group substances ( Fig. 1 and Table 4 ). Again, the results in Table 5 show that, whereas blood-group substances give a reducing sugar/total hexosamine ratio near 1, the pseudomyxomatous mucin gives a value closer to the value 2 obtained with submaxillary-gland mucin. Thus the actual preparation PM-T may consist of a mixture of mucoids, with a predominance, perhaps, ofthe type represented by the mucin from colloid breast carcinoma (Adams, 1965) , or it may represent an intermediate type.
Treatment of blood-group substances with mild alkali (Morgan, 1946; Knox & Morgan, 1954) has been long known to cause the rapid liberation of considerable amounts of diffusible mucopeptides. The finding that both threonine and serine are involved in carbohydrate linkages in all the mucoids examined here would lead, on treatment with alkali, to rupture of the peptide chains by process II of the reaction mechanisms outlined by Adams (1965) . Though the greater part of the threonine was involved in glycosidic linkage, only about 50-65% of the serine linkages were likewise involved. In the bovine submaxillary-gland mucin sample supplied by Professor Pigman, the loss of the serine on treatment with alkali was 66%, indicating that this was the percentage involved in glycosidic linkage. Taking the published values for this preparation 351 (Hashimoto & Pigman, 1962) , the molar proportions are: hexosamine, 1-27; threonine, 0 54; serine, 0-62; glutamic acid, 0-24; aspartic acid, 0-10. Murphy & Gottschalk (1961) have stated that at least 83%, and possibly all, of the glutamic acid and aspartic acid residues are linked to carbohydrate prosthetic groups in their preparations of bovine submaxillary-gland mucin. If we presume that at least 83% of these residues are likewise linked in the present preparation, then the binding sites provided by these amino acids become equivalent to 0-28mole. Similarly,theboundserine becomes 66% of 0-62, or 0-41 mole. The total bound sites would then be 1-23moles, which is in good agreement with the value of 1-27moleequiv. of hexosamine. The latter provides the attachment to peptide of the sialyl-(2-->6)-N-acetylgalactosamine prosthetic groups that occur almost exclusively in submaxillary-gland mucin (Murphy & Gottschalk, 1961) .
The loss of 0-29moleequiv. of threonine from PM-T on treatment with alkali is stoichiometrically related to the formation of 0-20moleequiv. of oc-oxobutyric acid and 0-08moleequiv. of glycine (Table 4) . Of the two possible pathways of elimination from threonine (Adams, 1965) , evidently the formation of the intermediary dehydropeptide is favoured. Only one pathway exists for serine glycoside elimination and pyruvic acid is formed quantitatively. Anderson et at. (1964) have also demonstrated the formation of dehydropeptide on treatment of various mucopolysaccharides with mild alkali. Such treatment, followed by hydrogenation, furnished ac-aminobutyric acid and alanine from the intermediary aminocrotonic acid and dehydroalanine. The latter were derived from threonine and serine residues respectively.
